 Resting alpha power is reduced in adult ADHD suggesting cortical hyper-activation  Adult ADHD patients successfully reduce alpha power during neurofeedback  A post-neurofeedback rebound normalizes alpha power in adult ADHD  Alpha power rebound correlates with improvement of inhibitory control in adult ADHD 2
6 2.2. EEG procedure The experiment, designed to evaluate the effect of 30 min NFB session on EEG at rest with eyes opened (EO) and during performance of a Continuous Performance Task (CPT), consisted in three sequential parts: EEG-evaluation 1, EEG-NFB, and EEG-evaluation 2 (Fig. 1) . A 3 min baseline resting state with eyes opened (EO1) preceded EEG-evaluation 1, which consisted of (i) 6 min of the CPT (CPT1), (ii) self-rated questionnaires assessing instantaneous state anxiety and arousal, and (iii) 3 min of EO rest (EO2). Then, the subject underwent 30 min of EEG-NFB session, as detailed below. Lastly, EEG-evaluation 2 consisted of (i) 3 min of EO rest (EO3), (ii) self-rated questionnaires assessing instantaneous state anxiety and arousal, and (iii) 6 min of the CPT (CPT2). The CPT consisted in the sequential presentation of 16 letters for 200 ms. The subjects were asked to press the left mouse button when any letter except the target letter "X" appeared. There was a total of 240 trials, with 75% Go trials and 25% NoGo trials. The maximal response window was of 600 ms, with a varying intertrial interval (800, 900 or 1000 ms). The self-rated questionnaires were the state anxiety part of the Spielberger's State Anxiety Inventory (STAI) and the Thayer's Activation-Deactivation Adjective Checklist. Questionnaire data were not reported here to avoid result section overload.
EEG was recorded continuously using 64 Ag/AgCl electrode cap according to the 10-20 international system, with a sampling rate of 500 Hz. The ground electrode was placed on the scalp at a site equidistant between Fpz and Fz, and the reference electrode at CPz. Electrical signals were amplified using the Eego mylab system (ANT Neuro, Netherlands), and all electrode impedances were kept below 5 kΩ. For offline analyses, EEG signals were re-referenced to common-average reference. Independent component analysis (ICA) was used to identify and remove stereotypical artifacts using the Infomax algorithm (blinking and lateral eye movements) (Jung et al., 2000) . Statistically defined artifact rejection was then carried out with the FASTER method (Nolan et al., 2010) removing segments based on extreme deviations of amplitude and variance from the mean. self-rated questionnaires (Spielberger's and Thayer's) .
Rest-2 EO2 7 2.3. Neurofeedback procedure The EEG neurofeedback training protocol is fully described elsewhere (Kluetsch et al., 2014 , Ros et al., 2013 . Briefly, the Pz channel was specifically used for neurofeedback, using a Pro-Comp amplifier interfacing with EEGer 4.2 neurofeedback software (EEG Spectrum Systems, CA). Separate ground and reference electrodes were placed at on the right and left earlobe, respectively. Pz was selected as the electrode overlying the posterior parietal cortex, whose metabolic changes have been previously linked to EEG alpha rhythm modulation (Laufs et al., 2006) . All participants interacted with a 'SpaceRace' game where they received continuous visual feedback in the form of a moving spaceship and a dynamic bar graph whose height was inversely proportional to real-time alpha amplitude fluctuations. Participants were told that the spaceship would move forward whenever they were 'in-the-zone' of their target brain activity (i.e., alpha lower than threshold), and that it would stop when they were 'out-of-the-zone' (i.e., alpha higher than threshold). The aim of the training was to use the feedback they received during the game to learn to keep the spaceship traveling through space. For the purpose of online neurofeedback training, the EEG signal was infinite impulse response band-pass filtered to extract alpha (8-12 Hz) with an epoch size of 0.5 s. Participants were rewarded upon suppression of their absolute alpha amplitude.
For each participant, the reward threshold was initially set so that their alpha amplitude would fluctuate below the initial 3-min baseline average approximately 60% of the time (i.e., they received negative feedback about 40% of the time). To ensure that all participants received comparable frequencies of reward, we readjusted their reward thresholds to meet the desired ratio, when they achieved disproportionately higher (> 80%) or lower (< 40%) rates of reward during feedback. The entire neurofeedback session was divided into 3-min training periods with a short break (10 s) after each period.
During the breaks, the scores for the preceding periods were displayed.
Data analysis
2.4.1. Alpha spectral power in the 6 conditions EEG spectrum was obtained using Brain Vision Analyzer 2 (Brain Products GmbH) via Fast Fourier Transform (FFT) on 2048 ms non-overlapping Hanning-windowed epochs, allowing a frequency resolution of 0.5 Hz. Relative alpha power was calculated in the 8-12 Hz bandwidth (reflective of the NFB protocol) as the absolute alpha power divided by to the full spectrum power (1.5 to 40 Hz). The mean relative alpha power was computed across the 64 electrodes. A repeated-measures ANOVA with 6-level Condition (EO1, CPT1, EO2, NFB, EO3, CPT2) as within-subject, and 2-level Group (ADHD, HC) as between-subject factors was used to evaluate statistical differences of the mean relative alpha power between groups and 8 conditions. For the ANOVA, Huynh-Feldt correction for non-sphericity was applied when appropriate.
Topographical analysis of EEG spectral data were further carried out with the Neurophysiological Biomarker Toolbox (NBT, http://www.nbtwiki.net/) in Matlab (MathWorks Inc.), after 0.5 to 40 Hz bandpass filtering and a 55-65 Hz notch filter. To test for group/condition differences, we used a permutation test with 5000 repetitions (Nichols and Holmes, 2002) on all channels, and subsequently corrected for multiple comparisons using binomial correction (Poil et al., 2014) . The significance threshold for all comparisons was set to alpha = 0.05.
Alpha event-related desynchronization (ERD) during CPTs
For analysis of event-related EEG oscillations, the EEG was segmented per trial type (Go and NoGo) in both CPT conditions into epochs of 1900 ms, starting 800 ms before stimulus onset. Only trials corresponding to correct responses were considered. A time-frequency analysis based on a continuum wavelet transform of the signal (complex Morlet's wavelets) was applied to each epoch from 1 to 30 Hz in 1-Hz steps (Tallon-Baudry et al., 1998) . The resulting dataset consisted in an average TF representation of the signal over all trials of the same type. Using Matlab scripts, we extracted the time course of the event-related desynchronization/synchronization (ERD/ERS) in the 8-12 Hz frequency range for each participant, relative to a baseline calculated between 800 and 100 ms before stimulus onset. Mean alpha ERD amplitude was calculated for each electrode. According to the topographic distribution of the alpha ERD, we computed the mean alpha ERD over the 28 posterior electrodes, including centro-parietal, parietal, parieto-occipital and occipital channels. For each trial type (Go, NoGo), a repeated-measures ANOVA with 2-level Condition (CPT1, CPT2) as within-subject, and 2-level Group (ADHD, HC) as between-subject factors was used to evaluate statistical differences of the mean alpha ERD amplitude between groups and conditions. Statistical threshold was set at p < .05 after Huynh-Feldt correction for non-sphericity when appropriate.
Post-hoc analysis used paired t-tests with p < .05 as significance threshold after Bonferroni correction for multiple comparisons.
Performance at CPTs
Errors included omissions (missed targets) and commissions (responses to non-targets or false alarms). Dprime was defined by the ratio between hits (correct responses) and commissions (false alarms), providing a measure of stimulus discriminability. Reaction time (RT) corresponded to the time interval between stimulus onset and mouse button press. RT variability (SD RT) and RT variation coefficient (Var RT), which provide information on the variability of RT, were also examined. Perseveration, defined as response with a RT < 150 ms, was discarded because it lacked of variance. A repeated-measures ANOVA with 2level Condition (CPT1, CPT2) as within-subject, and 2-level Group (ADHD, HC) as between-subject factors was used to evaluate statistical differences of performance between groups and conditions. Statistical threshold was set at p < .05 after Huynh-Feldt correction for non-sphericity when appropriate. Post-hoc analysis used paired t-tests with p < .05 as significance threshold after Bonferroni correction for multiple comparisons.
Correlation analyses
To examine the relation between electrophysiological activities and behavioral/mood parameters, as well as their modulation by NFB training, we calculated the absolute differences between CPT2 and CPT1 of the respective measures and computed the following correlations in each group (Pearson coefficient): i) CPT2-CPT1 relative alpha power vs CPT2-CPT1 performance parameters; ii) CPT2-CPT1 alpha ERD vs CPT2-CPT1 performance parameters; iii) CPT2-CPT1 relative alpha power vs CPT2-CPT1 alpha ERD.
Statistical analyses were conducted with SPSS 25. In a nutshell, selected contrasts were performed in accordance with our a priori hypotheses:
Results

Alpha power between groups, and across the 6 conditions
(A) comparison of relative alpha power at baseline (EO1) between ADHD and HC; (B) evaluation of NFB effect on relative alpha power in ADHD and HC respectively (NFB vs EO2); (C) comparison of relative alpha power at rest pre-and post-NFB in ADHD and HC respectively (EO3 vs EO2); (D) comparison of relative alpha power during CPT pre-and post-NFB in ADHD and HC respectively (CPT2 vs CPT1).
A. Resting-state EEG differences between ADHD patients and control subjects
The relative alpha power was significantly lower in ADHD patients than in healthy controls (HC) at baseline resting state (EO1) in the frontal region (binomial corrected, p < .05) (Fig. 3) .
11
Figure 3. Top: EEG relative power spectrum at baseline (EO1) in ADHD patients (red) and healthy subjects (HC, green). Solid lines: mean relative value over the 64 electrodes, highlighted areas: confidence interval.
Bottom: Topographic plots of relative alpha amplitude in EO1 for the ADHD and HC groups, and unpaired permutation test (binomial corrected, p < .05).
B. EEG signatures during neurofeedback training
Relative alpha power was successfully reduced during NFB as compared to EO2 in both groups (NFB -EO2, binomial corrected, p < .05), attesting that independently of diagnosis, the participants successfully downregulated their alpha amplitude (Fig. 4) . EO3 and EO2, and paired permutation test (binomial corrected, p < .05) .
C. Resting-state EEG signatures pre-to-post neurofeedback
As shown in Fig. 4 , a significant rebound of alpha power post-NFB (EO3) as compared to pre-NFB (EO2) was evident only for the ADHD group (binomial corrected, p < .05).
D. Continuous Performance Test EEG signatures pre-to-post neurofeedback
As depicted in Fig. 5 , comparing the CPT EEG pre-to post-NFB revealed higher alpha power post-NFB (CPT2) as compared to pre-NFB (CPT1) in both groups (binomial corrected, p < .05). This indicates different levels of alpha in the same individuals during the CPT task, pre-to-post NFB. 
Alpha event-related desynchronization (ERD) in CPT Go and NoGo trials, pre-and post-NFB
For both Go and NoGo trials, there was a significant condition effect but no significant group effect, nor significant group x condition interaction, on the mean alpha ERD amplitude (Go trials, F = 23.00, p < .001;
NoGo trials, F = 20.54, p < .001). Overall in both groups and both trial types, the alpha ERD was larger in CPT2 than CPT1 (see Supplementary Table 1 in Appendix).
CPT performance pre-and post-NFB
There was a significant group effect on the following CPT parameters: omission (F = 10.40, p < .01), commission (F = 12.83, p < .001), d-prime (F = 25.50, p < .001), SD RT (F = 16.23, p < .001), Var RT (F = 27.09, p < .001). This indicates that, compared to the HC and independently of the pre-or post-NFB condition, the ADHD group committed more omission (i.e. detection) and commission (i.e. motor inhibition) errors, and demonstrated more variability in RT. Additionally, there was a significant condition effect on d-prime (F = 5.46, p < .05), stimulus detectability being higher post-NFB, and on Var RT (F = 6.46, p < .05), RT variability being reduced post-NFB (see Supplementary Table 1 in Appendix).
Correlation analyses
3.4.1. Alpha power and CPT performance pre-and post-NFB (CPT2-CPT1)
In the ADHD group, there was a significant negative correlation between CPT2-CPT1 relative alpha power and CPT2-CPT1 commission errors (r = -.483, p < .05), so that the larger the alpha rebound (i.e. increase) at CPT2, the less commission errors were committed (Fig. 6A ). There was also a significant positive correlation between CPT2-CPT1 relative alpha power and CPT2-CPT1 reaction time (r = .471, p < .05).
Hence, the larger the alpha rebound at CPT2, the slower was the reaction time.
No significant correlations were found in the HC group. In the ADHD group, there was a significant positive correlation between CPT2-CPT1 alpha ERD amplitude and CPT2-CPT1 commission errors (Go trials: r = .527, p < .01; NoGo trials: r = .568, p < .01), so that the greater the alpha ERD amplitude at CPT2 (negatively) in Go and NoGo trials, the less commission errors were committed (Fig. 6B ). There was also a significant negative correlation between CPT2-CPT1 Go alpha 15 ERD amplitude and CPT2-CPT1 reaction time (r = -.404, p < .05), so that the largest was the Go alpha ERD amplitude at CPT2 (negatively), the slower was the reaction time.
No significant correlations were found in the HC group.
Alpha power and alpha ERD
In both groups, there was a significant negative correlation between CPT2-CPT1 relative alpha power and CPT2-CPT1 alpha ERD amplitude in Go and NoGo trials (ADHD: Go trials, r= -.828, p < .001, NoGo trials, r= -.782, p < .001; HC: Go trials, r= -.685, p < .001, NoGo trials, r= -.653, p < .001). Hence, the largest was the alpha rebound at CPT2, the largest was the alpha ERD amplitude at CPT2 (negatively). hyper-or hypo-activated ADHD biotypes. Experiments in humans and animals have firmly established that brain activity and E/I balance are homeostatically regulated, where intrinsic mechanisms exist to limit neural excitability or neuronal firing from reaching abnormally high/low extremes, in order to preserve neural network function (Karabanov et al., 2015, Maffei and Fontanini, 2009) . Prevailing models of the alpha rhythm have proposed that it acts as an "inhibitory gate" for sensorimotor cortices (Jensen and Mazaheri, 2010) , and therefore alpha power may be considered to inversely correlate with E/I balance. Accordingly, alpha oscillations display a negative correlation with cortical activation (Podvalny et al., 2015) and metabolism (Conner et al., 2011) .
Thus, a signature of abnormally reduced alpha power as shown by our cohort with ADHD would indicate a state of increased E/I, while the 'high-alpha' biotype (Bresnahan and Barry, 2002 , Koehler et al., 2009 , Poil et al., 2014 would reflect low E/I. The proposed U model in Fig. 7 indicates that normalizing alpha power (and therefore E/I balance) towards healthy population values would improve inhibitory performance for both 'high' and 'low' alpha biotypes.
Discussion
The present study focused on the relationship between alpha oscillations, attention, and motor inhibition in adult ADHD, using an experimental design with resting and task conditions, including a single neurofeedback session designed to modulate within-subject alpha power. Firstly, at baseline resting state, adults with ADHD exhibited lower relative alpha power than healthy control subjects, suggesting higher levels of cortical activation (Conner et al., 2011 , Podvalny et al., 2015 , and in line with a 'low-alpha' biotype (Loo et al., 2009 , Ponomarev et al., 2014 , Woltering et al., 2012 . Secondly, consistent with studies in other populations (Kluetsch et al., 2014 , Ros et al., 2013 , we demonstrated for the first time that adult ADHD patients successfully downregulated their alpha rhythm during neurofeedback, and to a similar degree as control subjects. Thirdly, a significant increase (termed 'rebound') of post-NFB resting alpha power was observed in ADHD patients, partially restoring alpha power towards baseline levels seen in control subjects. Interestingly, increased post-NFB alpha power during the CPT correlated with improvements in motor inhibition in ADHD patients only.
Resting-state alpha power in adult ADHD
Contrary to our initial predictions, resting state alpha power in our adult ADHD sample was significantly reduced compared to control subjects. Hence, the signature of our cohort of adult ADHD patients was more consistent with a 'low-alpha' biotype (Loo et al., 2009 , Ponomarev et al., 2014 
